In several mammalian species, including humans, coronavirus infection can modulate the host immune response. We show a potential role of dendritic cells (DC) in murine coronavirus-induced immune modulation and pathogenesis by demonstrating that the JAW SII DC line and primary DC from BALB/c mice and p/p mice with reduced expression of the murine coronavirus receptor, murine CEACAM1a, are susceptible to murine coronavirus infection by a receptor-dependent pathway.
Coronavirus infections can cause severe alterations of the host immune response in several species by mechanisms that are not completely understood (7, 9, 33) . Severe acute respiratory syndrome (SARS) in humans is caused by a new coronavirus (12, 17, 28, 37) and is associated with a decrease in peripheral T cells, B cells, and NK cells (10) . In this paper we investigate the possible role of dendritic cells (DC) in immune modulation and pathogenesis of the murine coronavirus, mouse hepatitis virus strain A59 (MHV-A59). MHV causes a variety of diseases in mice, including hepatitis, enteritis, respiratory infection, acute encephalitis, and chronic demyelination in the central nervous system (7) . Outbreaks of MHV infection in laboratory mouse colonies are expensive to remedy and significantly compromise research.
MHV infection modulates the immune system and alters host responses to other pathogens and noninfectious agents. For example, allogeneic skin transplants grafted onto mice 3 weeks after recovery from acute MHV infection survive longer than grafts onto uninfected mice (9) . MHV infection can cause impaired function and/or loss of B-cell and T-cell populations, and immunomodulation has been attributed to infection of macrophages; however, the precise mechanisms of immunomodulation are not well understood (7) . Here we describe receptor-dependent MHV infection of murine DC and discuss the possible role of DC in MHV-induced immune modulation.
DC are the most potent antigen-presenting cells of the immune system and the keystone of the adaptive immune response. Many different viruses have been shown to interact with DC, but the outcomes differ significantly. For example, vaccinia virus inoculation of DC results in an abortive infection that blocks DC maturation (16) , while Venezuelan equine encephalitis (VEE) virus infection of DC is a mechanism for delivery of virus from the periphery to the lymph nodes and spleen (27) . A single amino acid substitution in the VEE E2 glycoprotein prevents infection of DC in vivo and blocks virus spread (27) . Although human immunodeficiency virus type 1 does not infect DC, it binds to DC-SIGN, a lectin on the plasma membrane of DC, and is carried on migrating DC to susceptible T cells (20) . Similarly, Ebola virus binds to DC-SIGN and DC-SIGNR but does not use them for entry into DC, although binding of virions to DC enhances infection of macrophages and endothelial cells (40) . DC-SIGN mediates entry into DC for human cytomegalovirus and dengue virus (22, 41) , but the means of entry are not yet known for other viruses, including VEE virus, measles virus, influenza virus, herpes simplex virus type 1, varicella-zoster virus, lymphocytic choriomeningitis virus, vesicular stomatitis virus, pseudorabies virus, parainfluenza virus type 3, and Sindbis virus (1, 3, 19, 30, 34-36, 38, 39) .
In the present study, we used a murine DC cell line (JAWS II; ATCC catalog no. CRL-1194) and cultures of primary murine bone marrow-derived DC (BMDC) to test whether murine coronavirus MHV-A59 can bind to and infect DC via its receptor, murine CEACAM1a, a cell surface glycoprotein in the carcinoembryonic antigen (CEA) family within the immunoglobulin superfamily (2) . Several other CEA-related murine glycoproteins, including CEACAM1b, CEACAM2, and bCEA, also have MHV receptor activity (6, 13, 14, 32, 45, 46) . MHV infection of murine cells that express CEACAM1a can be blocked with an anti-murine CEACAM1a monoclonal antibody (MAb) called CC1 (15) . CEACAM1a is expressed on apical membranes of epithelial cells in the gastrointestinal and respiratory tracts, kidneys, B cells, neutrophils, macrophages, activated T cells, thymic stromal cells, and small vascular endothelial cells (8, 21, 23, 29) . Kammerer et al. showed that isoforms of CEACAM1a expressed on BALB/c and C57BL/6 BMDC are signal-transducing molecules that regulate early maturation and activation of DC (25) .
To evaluate the possible role of CEACAM1a on murine DC in the pathogenesis and immune modulation of MHV infection, we used flow cytometry to analyze the expression of CEACAM1a and the DC marker CD11c on a murine DC line (JAWS II) and primary BMDC from BALB/c mice and from genetically manipulated p/p mice, which are partially resistant to MHV-A59 infection and express reduced levels of CEACAM1a in the liver, kidneys, and colon (4) . A total of 10 6 JAWS II cells were incubated with mouse anti-CEACAM1a MAb CC1, hamster anti-CD11c MAb HLC, or isotypematched control MAbs followed by a fluorescein isothiocya-nate-conjugated anti-mouse or anti-hamster immunoglobulin. Figure 1 shows that JAWS II DC expressed both CEACAM1a and CD11c. For BALB/c mice, CD11c and CEACAM1a were also expressed on BMDC obtained from the bone marrow of femurs and tibiae after depletion of CD4 ϩ and CD8 ϩ T cells, B220 ϩ B cells, and major histocompatibility complex class IIpositive maturing myeloid cells by magnetic cell sorting following the manufacturer's instructions (Miltenyi Biotec, Bergisch Gladback, Germany). A total of 10 6 BMDC, in 4 ml of medium (RPMI [Gibco]; 10% fetal bovine serum, 2% penicillin-streptomycin, 1 mM sodium pyruvate, 0.1 mM nonessential amino acids, 0.06 mM HEPES, 0.02 mM 2-mercaptoethanol) supplemented with 3 ng of granulocyte-macrophage colony-stimulating factor (GM-CSF)/ml and 5.5 ng of interleukin 4 (IL-4)/ml, were split and refed on day 2 and incubated for 5 days before use. With and without GM-CSF/IL-4, more than 95% of the negatively selected cells from murine bone marrow expressed CEACAM1a (data not shown). In addition, 61% of cells grown in GM-CSF and IL-4 expressed both CD11c and major histocompatibility complex class II, another commonly used marker for BMDC (data not shown; 24, 47) .
It was previously shown that p/p mice are much more resistant to MHV-A59 infection than are wild-type BALB/c mice (4) . We included the p/p mice in this study to determine if their partial resistance to MHV occurred at the level of DC. Surprisingly, BMDC from p/p mice expressed the same amount of CEACAM1a as did DC from BALB/c mice ( Fig. 1) . Thus, manipulation of the ceacam1a gene in p/p mice, which changed expression of CEACAM1a isoforms on other tissues (4), did not alter the expression of CEACAM1a protein on DC.
To test whether MHV-A59 causes productive infection of DC, JAWS II DC and BMDC from BALB/c or p/p mice were incubated with MHV-A59 at a multiplicity of infection of 10 PFU/cell for 1 h at 37°C. The inocula were removed, excess virus was washed away, and the cells were incubated at 37°C. Supernatant media were collected at intervals after virus inoculation and centrifuged to remove cell debris. The yield of infectious virus in the medium was titrated by plaque assay on murine 17 Clone 1 cells (18) . Figure 2 shows that MHV-A59 produced infectious virus in the JAWS II DC line and BMDC from BALB/c and p/p mice. Since immunofluorescence showed that all cells were infected and 3 ϫ 10 5 cells produced over 10 5 PFU/ml in 0.5-ml samples, each infected DC produced approximately 1 PFU. By 8 h after inoculation, small multinucleate syncytia had formed (Fig. 3) , and fusion of DC was very extensive by 24 h after inoculation (data not shown). Trypan blue exclusion studies showed that more than 80% of DC were killed by the virus within 24 h after inoculation (data not shown). Immunolabeling and viral growth curves showed that DC of p/p mice were as susceptible to infection as DC from BALB/c mice. Therefore, the partial resistance of p/p mice to MHV is probably due to reduced levels of CEACAM1a expressed on other target cells for the virus such as hepatocytes or enterocytes (4) .
DC actively acquire antigens through macropinocytosis, phagocytosis, and clathrin-mediated endocytosis. To determine if JAWS II DC and BMDC were infected with MHV-A59 via the CEACAM1a receptor or through a receptor-independent mechanism, we blocked the virus-binding domain of murine CEACAM1a with antireceptor MAb-CC1 (15) . DC on coverslips were incubated with MAb-CC1 (12 g/ml), an isotype control MAb (12 g/ml), or medium alone for 1 h at 37°C and then inoculated with MHV-A59 (multiplicity of infection, 10 PFU/cell) in the presence of the same antibody during the 1-h virus adsorption period and subsequent incubation at 37°C. After 8 h, coverslips were fixed in methanol-acetic acid (3:1) for 10 min at Ϫ20°C, air dried, incubated with MAb against the nucleocapsid protein (kindly provided by Julian Leibowitz, Texas A & M University) and fluorescein isothiocyanate-conjugated goat anti-mouse immunoglobulin, and analyzed under a fluorescence microscope. Figure 3 shows that anti-CEACAM1a MAb blocked virus infection of the JAWS II DC and primary BMDC from BALB/c and p/p mice. Thus, MHV-A59 infects murine DC only by means of its specific CEACAM1a receptor and not by a DC-SIGN-mediated mechanism like that used by human immunodeficiency virus type 1, Ebola virus, human cytomegalovirus, and dengue virus (20, 22, 40, 41) . DC play a central role in the adaptive immune response to viruses. It is therefore understandable that for every stage in the differentiation of DC there is an example of a virus that interferes with DC function (36) . Infection of DC by MHV may in part explain how the normal immune response can be modulated by MHV infection (9) . Coronavirus infection could potentially disrupt DC function by several mechanisms: (i) killing immature DC in epithelial tissues and preventing DC from acquiring antigen; (ii) inhibiting DC migration by block-ing trafficking signals through receptors such as CCR7; (iii) inhibiting DC-T-cell interactions in the lymph node by preventing expression of costimulatory molecules such as CD40, CD80, and CD86; (iv) transferring virus from DC in peripheral tissue to activated T cells in the lymph nodes (it has recently been shown that CEACAM1a is a very early surface marker on activated T cells [31] ); and (v) altering cytokine profiles in infected DC to preferentially secrete Th1-or Th2-type cytokines, thereby skewing the T-cell response. Recently, treatment with anti-CEACAM1a MAb-CC1 was found to diminish delayed-type hypersensitivity in vitro and in vivo (31) . Ligation of CEACAM1a on DC by MAb-CC1, the spike glycoprotein of MHV during infection, or by homophilic adhesion to CEACAM1a may alter signaling in DC, modulating the immune response (25, 31) . Because CEACAM1a is expressed on both DC and activated T cells, it is uncertain whether the immunomodulating activity of MAb-CC1 is on the DC or the T cells or both.
The receptors for group I coronaviruses are aminopeptidase N (CD13) glycoproteins (11, (42) (43) (44) . Like CEACAM1a, CD13 is expressed on DC (5). Therefore, it is possible that coronaviruses in group I, such as human respiratory coronavirus 229E, transmissible gastroenteritis virus of swine, and feline coronaviruses, can also modulate the immune response to in- fection by infecting DC. Recently, angiotensin-converting enzyme 2 ACE2 was found to be a receptor for the novel coronavirus (SARS-CoV) that causes SARS (26) . It will be interesting to learn whether angiotensin-converting enzyme 2 is expressed on DC or whether SARS-CoV can interact with DC by another mechanism to modulate the immune response in SARS.
